A system was developed to assess the dynamic processes of droplet impact, rebound, and retention on leaf surfaces with three-dimensional (3-D) 
nsights into pesticide droplet impaction and deposit formation on plant leaf surfaces are important to advance spray applications. Maximizing droplet retention on targets after impact can increase biological control efficiency and reduce pesticide waste from droplet rebound and runoff. However, current spray technology research mainly focuses on equipment and application improvements to reduce spray drift (Salyani and Cromwell, 1992; Zhu et al., 2008c) , enhance automation (Giles et al., 1988; Gil et al., 2007; Jeon and Zhu, 2012; Chen et al., 2012) , and improve spray accuracy and penetration (Wolf and Daggupati, 2009; Zhu et al., 2006 Zhu et al., , 2008a Zhu et al., , 2008b . These mechanistic approaches are the first step to accurately deliver droplets to targets. However, after droplets reach targets, they are subject to the effects of impact, spread, rebound, retention, absorption, and evaporation (Bukovac et al., 2002) . These microscopic processes directly affect the biological effectiveness and efficiency of spray applications on pests (Zabkiewicz, 2007) .
Understanding of droplet impaction and deposit formation is also important in industrial applications. Since the first observation of milk droplet rebound on a heated glass plate (Worthington, 1876) , droplet impact phenomena in industry have been extensively investigated for diesel turbine injection systems (Kalatari and Tropea, 2007) , paint sprays (Aziz and Chandra, 2000) , printing processes (Lee and Liu, 2010) , cooling systems (Rioboo et al., 2008) , heat exchanging systems (Mao et al., 1997) , and food processing (Bot et al., 2007) .
However, due to many controllable and uncontrollable variables, the dynamic impaction of droplets on leaves in pesticide spray applications is more complicated than that in industrial applications. The variables include the physical and chemical properties of spray solutions, droplet size and speed, sprayer travel speed, droplet trajectory before impact, plant leaf surface structure, ambient air temperature, relative humidity, wind velocity, and local turbulence. These variables may have cross-interactions that influence droplet impaction and deposit formation processes (Bukovac et al., 2002) .
Development of mathematical models to describe droplet impaction on leaf surfaces has been reported (Forster et al., 2005; Schou et al., 2012) . However, these models do not include the effects of many variables, such as leaf surface fine structures on the droplet impact process. Thus, application of the models is limited.
Systematic investigation of the dynamic impact of droplets on leaf surfaces in controlled experimental conditions is needed to resolve the underlying mechanisms. Due to the complexity of droplet impaction on leaves, sophisticated instrumentation with a fast response time is required, and only a few documented studies are available. Reichard et al. (1986) developed a system using a high-speed film camera and a uniform droplet generator, and Fox et al. (1992) improved the system using a high-speed digital video camera to record the droplet impaction on leaves. One of the advantages of this system was its capability to control droplet size. The camera had a capture speed of 180 frames per second at an image resolution of 272 × 160 pixels. The system recorded the process of rain drop impact on strawberry surfaces (Yang et al., 1991) and a cluster of droplets impacting on cabbage, wheat, soybean, and foxtail surfaces (Reichard et al., 1998) . However, the camera speed and image resolution were insufficient to capture the rapid and dynamic droplet impaction and deposit formation. In addition, identification and evaluation of the recorded images required excessive time. Wirth et al. (1991) used a cine-film camera to record the impaction of droplets discharged from conventional spray nozzles onto leaf surfaces. However, this earlier test system was unable to determine which droplets rebounded or were retained because many droplets clustered within a small area. Furthermore, it was also unable to determine the size and velocity of these droplets before their impact.
Droplet trajectories before and after impact on leaf surfaces are three-dimensional. At least two high-speed cameras are required to make stereoscopic measurements of these trajectories. Analyses of these trajectories require accurate measurements of the locations and positions of the droplets, as well as their diameters, speeds, and angles before they impact on the target surfaces. After impact, their spread areas or rebound speeds and angles should also be measured and analyzed. However, previous systems equipped with a single camera were unable to achieve these stereoscopic measurements.
Currently, the new generation of digital video cameras with significantly improved speed and resolution offer capabilities for recording images of discharged spray droplets at impaction, at rebound, and their retention on plant surfaces. Hence, the objective of this research was to develop a fast-response system with implementation of two highspeed digital cameras to capture the 3-D dynamic process of spray droplet impaction, rebound, and retention on various types of leaf surfaces. The new system would resolve the limitations of the systems developed by Reichard et al. (1986) and Fox et al. (1992) .
MATERIALS AND METHODS
An experimental system was designed to capture droplet impaction and deposit formation processes on plant surfaces for the variables including droplet impact speed, droplet impact angle to the target surface, droplet size, spray solution physical property, and leaf surface fine structure. The system mainly consisted of a uniform-size droplet generator, two high-speed digital cameras (Phantom V310s, Vision Research, Inc., Wayne, N.J.), a 3-D motion image analytical program (TEMA version 3.7, Image Systems TrackEye, Inc., Bronxville, N.Y.), a constant-speed track, an image acquisition system, a flat target holder with an adjustable inclination angle, and a light source ( fig. 1) .
The droplet generator was a modified Berglund-Liu unit (Reichard et al., 1986 ) that was able to produce a stream of uniform-size droplets ranging from 100 to 800 μm ( fig. 2) . A sine waveform producer (33521A Function/Arbitrary Waveform Generator, Agilent Technologies, Inc., Santa Clara, Cal.) was used to generate 5 V pulse signals to control the droplet discharge frequency. The initial size and speed of droplets were controlled by a combination of the nozzle exit orifice diameter, liquid pressure, and sine wave frequency. The height of the droplet generator above the target surface was adjustable up to 0.5 m.
Liquid supplied to the droplet generator was from an 11.3 L stainless steel container that was pressurized with air. The pressurized air was from a 15 L air tank connected to a 0.82 kW portable air compressor (model D55153, Dewalt Industrial Tool Co., Baltimore, Md.). Air pressure in the container was controlled manually with a pressure regulator and was monitored with a pressure gauge. A solenoid valve was mounted between the container and the droplet generator to activate the liquid flow to the droplet generator.
To minimize coalescence of droplets after discharge, an air disperser was used to produce a gentle air stream to disturb the droplet stream. The disturbance changed the droplet trajectories and travel speeds. Air speed was controlled by regulating the air pressure from 0 to 690 kPa. A filter was used in the air supply line to prevent particles and water from moving into the droplet stream. To simulate nozzle travel speed and prevent droplet clusters from depositing at the same location, a linear track system with a step motor and speed controller was designed to carry the droplet generator at a prescribed constant horizontal speed between 1.6 and 10 km h -1 . The two high-speed digital cameras were used to capture the processes of droplet impact, retention, and rebound on leaf surfaces from two angle views for 3-D droplet motion analyses. The camera speeds were 3,250, 11,700, 34,243, and 50,000 frames per second (fps) for imaging resolutions of 1280 × 800, 512 × 512, 256 × 256, and 128 × 8 pixels, respectively. The optimal stereoscopic settings for the camera speed and image resolution to capture the measurements of an image were dependent on the specific droplet impact event. The cameras possessed a large memory unit (CineMag) to record and temporarily store images at a speed up to 800 Mpx s -1 with a minimum frame rate of 10 fps and 1 μs minimum exposure time. The two cameras were synchronized with a dedicated BNC connector to reach 700 ns straddle time. Droplet motion images were recorded and stored in an 8 GB high-speed dynamic RAM CineMag and then were manually or automatically transferred from the camera to a computer via a 10 GB Ethernet router.
To observe and measure small droplet motions, each camera was equipped with a long-distance microscope lens (K2/SCTM, Infinity Photo-Optical Co., Boulder, Colo.) and a CF-1B objective lens. With these two lenses, the camera had a capability to record objects in an area of 17.2 × 10.75 mm at a distance of 222 mm away from the lens and in an area of 36 × 22.5 mm at a 418 mm distance when the image resolution was 1280 × 800 pixels. The microscope and objective lenses were connected to the camera with a 36.6 mm long C-mount adapter.
The two cameras were mounted on two tripods with calibrated angles. The microscope lens of one camera (left camera) was normally set at 720 mm away and 350 mm above the target, and the camera focus centerline was 30° on the left side of the target (fig. 3) . The lens of the other camera (right camera) was normally 628 mm away and 150 mm above the target, and its focus centerline was 10° on the right side of the target. The angle of the target on the flat target holder in reference to the horizontal plane could be adjusted from 0° to 180° and was used to simulate natural leaf angles on plants. The positions and angles of the two camera lens were changed for each treatment to stereoscopically focus on the target areas. Images taken from the two cameras enabled a clear observation of droplet impaction and deposition processes and an accurate measurement of droplet motion in three dimensions from two different angles. Because of the visual angle limitation with a single camera, images from two cameras also improved the observation and quantification of droplet spreading areas and film breaking directions on leaf surfaces.
To illuminate droplets in the process of impaction and deposition on leaves, four light fixtures (MR16 EYF/FG, Ushio America, Inc., Cypress, Cal.) with halogen lamps were used to produce light beams toward the target from four directions at 25° angles from the horizontal. Each light fixture was 100 mm away and 20 mm above the target (fig. 3) . The light beam was discharged at a 12° spread angle with 13,000 cd luminous intensity and 3,000 K color temperature.
Diameters of droplets just before they impacted on target surfaces were measured from images taken by the highspeed cameras with the 3-D motion image analytical program. Because the droplets were not perfectly spherical when in motion, they were considered as elliptical shapes for the diameter measurement. Their long and short axes were measured to calculate the equivalent droplet diameter from the equivalent elliptical area. The accuracy of the measurements was verified with 1.57 mm diameter spherical metal balls, and the error was less than 2%.
Since the droplet travel speed was influenced by the combination of air stream speed, initial droplet speed, gravity, and air drag force, the droplet impact speed (or speed of the droplet at the time when impacting on target surfaces) might not be equal to the initial droplet speed. Similarly, due to the coalescence of droplets occurring during their travel to the leaf surface, the actual droplet impact diameters might not be equal to the initial droplet diameters. Final droplet impact diameters, impact speeds, and impact angles were measured with the 3-D motion image analytical program. The droplet impact angle was referenced to the target leaf surface.
To accurately determine 3-D positions of a droplet in paired images from two cameras, a stainless steel step block ( fig. 4 ) was made to calibrate the distance measurements of the two cameras and the 3-D motion image analytical program. The step block was 6 mm long, 6 mm wide, and 3 mm high with 1 mm incremental steps in height. The positions of nine holes on the step block were used as references for calibration of target positions determined with the 3-D image program.
To verify the system capability to detect droplet motions before and after the droplets impacted on leaf surfaces, tests were conducted with four different target surfaces (glass slide, Dracaena deremensis, Euphorbia pulcherrima, Pelargonium hortorum) and two spray solutions. D. deremensis and E. pulcherrima had flat waxy leaf surfaces, and P. hortorum had hairy leaf surfaces. Glass slides cleaned with methanol were used as a test control.
Spray solutions used for tests were distilled water and water with a 0.25% (v/v) nonionic surfactant (Preference, Winfield Solutions, LLC, St. Paul, Minn.). Surface tensions were 0.073 and 0.052 N m -1 for the water-only and surfactant-amended water solutions, respectively. Viscosities of both solutions were 1.0 mPa⋅s. Contact angles of a 500 μm diameter water-only droplet on the glass slide, D. deremensis, and E. pulcherrima were 45°, 56°, and 125°, respectively. These contact angles became 28°, 50°, and 57° after the water was amended with the 0.25% nonionic surfactant. Because the trichomes prevented the droplet from contact with the epidermis, the contact angle for P. hortorum could not be presented. All tests were conducted under laboratory conditions with the ambient temperature between 22°C and 25°C.
RESULTS AND DISCUSSION
With the designed system, five processes of droplet impaction and deposit formation were observed after droplets impacted on waxy leaf surfaces (D. deremensis and E. pulcherrima): complete retention, split retention, slide retention, splash, and rebound. In this article, we define complete retention as a droplet remaining at its impact location, split retention as a droplet breaking into several pieces but still remaining on the leaf surface, slide retention as a droplet sliding along the surface to another location but still remaining on the surface, splash as part of a droplet remaining at the impact location and the rest scattered, and rebound as a droplet bouncing off the surface. On hairy leaves (P. hortorum), only complete retention was observed.
An example of a complete retention process for a water droplet after impact onto a D. deremensis leaf surface is shown in figure 5 . Before impact, the droplet diameter was 330 μm, the droplet speed was 4.6 m s -1 , and the impact angle was 70°. After impact, the droplet spread out rapidly to form a thin film. At 0.27 ms after impact, the film reached a maximum contact area of 0.679 mm 2 and began to shrink. At 1.36 ms, the film stopped shrinking and formed a spherical dome with a final contact area of 0.181 mm 2 . The droplet retention process that included liquid film formation, spreading, and shrinking was completed within 1.36 ms.
A split retention process was observed for a 470 μm water droplet after its impact on an E. pulcherrima leaf surface ( fig. 6 ). The droplet impact speed was 3.2 m s -1 , and the impact angle was 50°. After the droplet landed on the leaf surface, it spread out to become a thin liquid film. At 0.45 ms after impact, the film reached its maximum contact area of 1.413 mm 2 and then broke into several small pieces. At 0.82 ms, the broken films shrunk back to form several 200 to 1,000 μm spherical domes on the leaf surface.
The slide retention process was observed with a 230 μm water droplet after impact on an E. pulcherrima leaf surface ( fig. 7) . The impact speed was 2.9 m s -1 , and the impact angle was 37°. After impact, the droplet was deformed into a ring. At 1.09 ms after impact, the entire ring traveled 580 μm on the surface, and then the motion stopped. The final contact area of the deposition was 0.031 mm 2 . It was noticed that the final contact area was smaller than the droplet cross-sectional area because the leaf surface was hydrophobic. Slide retention might cause droplets to run off inclined leaves.
Droplet splash was observed with a 570 μm water droplet after it impacted on an E. pulcherrima surface at an impact speed of 3.4 m s -1 and impact angle of 60° ( fig. 8 ). At 0.55 ms after impact, a portion of the droplet separated into three pieces. Images from the two cameras illustrated that and an angle of 10° to the leaf surface at 1.09 ms after impact. The third piece splashed back onto the leaf surface with a contact area of 0.283 mm 2 . The droplet rebound process was observed with a 420 μm water droplet impacting on an E. pulcherrima leaf surface ( fig. 9 ). The impact speed was 3.3 m s -1 , and the impact angle was 50°. At 0.55 ms after impact, the droplet spread out to the maximum contact area of 0.679 mm 2 and then shrank back to a sphere. At 0.73 ms, the droplet left the leaf surface at a 1.2 m s -1 speed and 30° angle to the leaf surface.
For the surfactant-amended droplets after impact on the surface of E. pulcherrima, no rebound, split, or splash process was observed. Differently from the water-only droplet retention process, the surfactant-amended droplet formed a thin film during the spread process, but the film did not retract or retracted only slightly. This was because the surface tension of the water solution decreased from 0.073 to 0.043 N m -1 after the non-ionic surfactant was added. Figure 10 shows the spreading process of a 460 μm surfactantamended droplet on an E. pulcherrima leaf surface at an impact speed of 3.5 m s -1 and impact angle of 65°. At 0.64 ms after impact, the liquid film reached the maximum contact area of 1.131 mm 2 . At 3.73 ms, the contact area became 1.075 mm 2 . Figure 11 shows images captured with two cameras for a 450 μm water droplet impacted on a hairy P. hortorum leaf surface. The droplet impact speed was 3.8 m s -1 , and the impact angle was 63°. After the droplet touched the trichomes, it immediately penetrated the trichomes and then rapidly spread on the leaf surface. At 0.36 ms after impact, the droplet reached the maximum contact area (1.287 mm 2 ) and then gradually retracted. At 1.45 ms, the contact area became 0.221 mm 2 and stayed unchanged. No rebound or splash was observed on the hairy leaf surface. Droplet impaction on a solid glass slide was different from the impaction on hydrophobic leaves. After impact on the glass surface, due to its hydrophilic characteristics, a single 330 μm droplet spread out, became a ring shape, and then shrank to form a relatively uniform film on the surface ( fig. 12a) . However, the same size droplets splashed after they impacted other droplets that were already on the glass ( fig. 12b) .
Based on the above observations, the droplet impaction and deposit formation varied with the leaf surface structure and spray formulation. For example, water-only droplets with similar sizes and impact speeds splashed or rebounded on E. pulcherrima leaves but not on D. deremensis and P. hortorum leaves; however, splashing or rebounding on E. pulcherrima leaves diminished when surfactant was added to the spray solution. Water-only droplets on glass slides and D. deremensis leaf surfaces had contact angles below 90°, which is typical for hydrophilic surfaces, whereas contact angles of droplets on E. pulcherrima leaves were greater than 90°, which is typical for hydrophobic surfaces. However, the contact angle on E. pulcherrima leaves was reduced to 57°, and the hydrophobic surfaces became hydrophilic with the addition of the 0.25% surfactant to the spray solution. The hydrophobic characteristics determined the outcomes of droplet impacts and deposit formation processes on different surfaces.
Compared to previous systems (Reichard et al., 1986; Fox et al., 1992; Wirth et al., 1991) , the 3-D imaging system with the incorporation of two cameras at increased image recording speeds and resolutions and a freely movable uniform-size droplet generator improved the accuracy of observing droplet impaction and deposit formation processes. The system precisely recorded complete retention, split retention, slide retention, splash, or rebound process of droplets on leaf surfaces under different spray parameter conditions. The movable droplet generator prevented drop- lets from clustering at the same surface location and more closely simulated actual droplet impaction events in field spray applications. These results could be used to adjust spray parameters to increase spray droplet retention on targets. For example, if droplets stay on a leaf surface after impact, no additives are needed to prevent rebound, but additives may be needed to increase droplet spread areas (Xu et al., 2011) . In addition, if the outcome of droplet impaction on leaf surfaces is split retention or slide retention, additives may help to stabilize the droplet deposit formation. Finally, if droplets splash or completely rebound on leaf surfaces, spray solutions could be amended with additives to increase droplet retention on targets. 
CONCLUSIONS
An experimental system implementing two high-speed digital cameras and a uniform-size droplet generator was developed to investigate the 3-D dynamic process of spray droplet impact, rebound, and retention on leaf surfaces. The system was able to manipulate droplet size, impact speed, and impact angle independently to test droplet impaction and deposit formation processes on different types of leaves with different spray solutions. Droplet complete retention, split retention, slide retention, splash, and rebound on leaf surfaces were systematically captured for the first time in their entirety under controlled experimental conditions. This system could provide a means to determine the fate of droplets on target surfaces for controllable variables separately and avoid pesticide losses due to droplet rebound and runoff. 
